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Abstract. We develop a model of a volcanic eruption
column that includes the effects of fallout of pyroclasts
and thermal disequilibrium. We show that clast fallout,
with no thermal disequilibrium, has only a small effect
upon the column. However, disequilibrium changes co-
lumn behaviour significantly, and can even induce col-
lapse. Our results may explain the lower plume heights
and less widely dispersed fallout of cone-forming erup-
tions contrasted with sheet-forming eruptions. The
model also predicts that the transition from the gas
thrust to the convective region in a column results in an
inflection in dispersal curves, that some features of the
stratigraphy common to many fall deposits may result
from column velocity structure, and that there may ex-
ist a region near the volcanic vent in which maximum
pyroclast size does not decrease significantly with dis-
tance.

Introduction

There has been significant interest in understanding the
effects of the total grain-size distribution (Sparks et al.
1981) or initial population (Walker 1971) on the dy-
namics of and fallout from volcanic eruption columns
(Suzuki 1973, 1983; Walker 1973, 1980, 1981a, 1981b;
Self et al. 1974; Wilson et al. 1978; Murrow et al. 1980;
Carey and Sigurdsson 1982; Hayakawa 1985). Recent
advances in the modelling of eruption columns (Wilson
and Walker 1987; Woods 1988) provide the theoretical
background upon which we can build in order to inves-
tigate a variety of the effects of the total grain-size dis-
tribution on column and pyroclast behaviour.

Carey and Sparks (1986) and Wilson and Walker
(1987) presented models to predict the height of fallout
and the maximum ranges of different sized clasts elu-
triated from Plinian eruption columns. However, the ef-
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fects of fallout were not fully incorporated into the sub-
sequent motion of the material remaining in the co-
lumn. In the present paper, we investigate the effects of
fallout, and find that it becomes increasingly important
as mean grain-size increases and clasts lose their ther-
mal contact with plume gas. In addition, we examine
the related problem of how the velocity structure of the
column affects fallout below the laterally spreading
umbrella cloud.

Model of particle fallout

Woods (1988) modelled the erupted material as a per-
fect gas, the properties of which were the mass-aver-
aged properties of the constituent volcanic gas, pyro-
clasts and entrained atmosphere. Such an approxima-
tion is valid when the momentum and enthalpy ex-
changes are so rapid that the velocity and temperature
are the same for all phases. This is essentially the case if
all clasts are sufficiently small to remain in good ther-
mal and dynamic contact with the gas. In the present
work, however, we are interested in investigating the ef-
fects of different grain-size distributions on column dy-
namics. As a result, we allow clasts to fall out, and this
may occur before significant amounts of heat or mom-
entum have been transferred between phases. Hence,
the perfect gas approximation is no longer necessarily
valid. However, to maintain an important element of
simplicity in our model, we assume that each clast
moves at the gas velocity and that there is no momen-
tum transfer between phases, i.e. gas and pyroclasts
move in ‘dynamic equilibrium.” When the clasts of a
given size reach a height at which the drag force that
the column would exert on equivalent stationary clasts
equals the weight of the clasts, they fall out. We hypo-
thesize that this approximation yields a valid represen-
tation of the maximum rise heights and fallout dis-
tances of submetre pyroclasts based on observations of
plume structure and calculations of clast deceleration
(see below and Appendix A). Fuller investigations of
the dynamic interaction between the clasts and the co-
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Fig. 1. a Cumulative grain-size distributions from several erup-
tions. b Plot of mean grain size versus the variance of the grain-
size distribution for several eruptions; m, Mount St Helens, 18
May 1980, which may be phreatoplinian or coignimbrite (Carey

u{p) mean of clast sizes
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and Sigurdsson 1982, Sparks et al. 1986). We have estimated y,
with the graphic mean and o, with the inclusive graphic standard
deviation of Folk (1979). Numbers in parentheses are average val-
ues of Md, for each class of eruption. See Table 1 for sources

Table 1. Total grain-size distributions of

some fall deposits Eruption Type Ho X0y Reference

Askja C Phreatoplinian 23+24  Sparks et al.1981

Hatepe ash Phreatoplinian 33+23 Walker 1981a

Rotongaio ash Phreatoplinian 40+19 Walker 1981a

Wairakei memb 3 Phreatoplinian 46+2.1 Self 1983

Hachinohe L Phreatoplinian 42+25 Hayakawa 1985

Mount St Helens Phreatoplinian (?) 44123 Carey and
Coignimbrite (?) Sigurdsson 1982

Cerro Negro 1968 Vulcanian 1.9+0.9 Rose et al. 1973

Cerro Negro 1971 Vulcanian 1.6+0.9 Rose et al. 1973

Fuego Vulcanian 1.4+£2.1 Morrow et al. 1980

Tarumai Ta Plinian 04+2.7 Suzuki et al. 1973

Taupo Plinian 0.3+2.7 Walker 1980; Pyle 1989

Askja D Plinian —2.6+4.1 Sparks et al. 1981

Waimihia Plinian —-15£19 Walker 1981b; Pyle 1989

Hatepe Plinian 1.1£3.0 Walker 1981b; Pyle 1989

Nambu Plinian —1.7+23 Hayakawa 1985

Chuseri Plinian —0.4+£25 Hayakawa 1985

Stromboli Strombolian —6.8£1.3 Chouet et al. 1974

Heimaey Strombolian —~2.1x0.6 Self et al. 1974

Etna, NE Crater Strombolian —5.2+4.4 McGetchin et al. 1974

lumn can be found in Bursik (1989), Carey et al. (1988)
and Valentine and Wohletz (1989). In contrast to our
assumption of dynamic equilibrium, we allow for some
degree of ‘thermal disequilibrium,” i.e. heat exchange
between some clasts and the gas may not be instanta-
neous. In Appendix B, we show that only clasts smaller
than ~3-4 mm (—2¢) in diameter are in thermal equil-
ibrium with the gas. We therefore include a simple pa-
rameterisation of thermal equilibrium in order to model
the most important thermal effects of the larger clasts.

In most, if not all, volcanic eruptions, nearly all py-
roclasts have dimensions less than 24 cm (> —8¢) and
are therefore nearly in dynamic equilibrium with sur-
rounding gas (Fig. 1; Table 1). However, those pyro-
clasts greater than ~ —2¢ are not in thermal equili-
brium (Table 2). Our parameterisation of thermal equil-

Table 2. Simple estimates of thermal disequilibrium, f (in equili-
brium f=1)

Mean grain size (u,) f
(Wp)> -2 1.0
—=2>(uy)> —4 0.9-1.0
—4>(uy)> -5 0.7-0.9
—5>(ug)> —6 0.3-0.7
—6>(ug)> —7 0.1-0.3
—7>(1y) 0.0-0.1

ibrium allows us to explore some of the features of
eruptions in which these larger clasts predominate.
Thus, our work has certain ramifications for all erup-
tion types, from Hawaiian to ultraplinian and phreato-



plinian. In drawing conclusions from our model, how-
ever, we exercise a considerable degree of caution, both
because of the simplifications implicit in our parame-
terisation, but also because of our simple approxima-
tion of the complex nature of pyroclast fallout.

The total grain-size distribution

We represent the volume of clasts of diameter d, in mm,
per unit volume of material in the column at height z by
P(d, z); we assume P has the form:

A u(0)
A(2)u(z)

where z=0 refers to the origin, p(d) gives the distribu-
tion of clast diameters, at the vent, which results from
fragmentation processes in the conduit (Walker 1973),
A(2) and u(z) are the cross-sectional area and velocity of
the column and d(max,z) is the maximum clast size re-
maining in the column at height z. p(d) is the total
grain-size distribution. We have assumed that at any
height the relative fraction of the different clast sizes
which are still in the column is constant. All variables
are defined in Table 3.

Field data (Fig. 1a) suggest that p(d) follows a log-
normal distribution given by:

__ bt (oga(@)—py)”

P(d,z)=p(d) for d < d(max,z). (N

@

Table 3. List of variables and constants

A cross sectional area of the column

Cy drag coefficient

C, specific heat of air

Cn specific heat of magmatic gas

C specific heat of solids

d clast diameter

d diameter of largest clast

E specific enthalpy of material in the column

f thermal disequilibrium coefficient (1= pure equilibrium,

0=pure disequilibrium)

drag force on a clast

gravitational acceleration

entrainment constant

column radius

mass of air in column per unit height

mass of magmatic gas in column per unit height
R mass of pyroclasts in column per unit height

SIInaem
I RN

m mass flux of pyroclasts in column

n gas mass fraction in column

P fractional volume of clasts of diameter 4 in column
p fractional volume of clasts of diameter d at vent
P, atmospheric pressure (see Woods 1988 for details)
R, bulk gas constant

u velocity in column

u, entrainment velocity

z height

o ambient density

B bulk density of column

7 temperature of column

Oy standard deviation of the grain-size distribution
He mean grain-size
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where u, is the logarithmic (¢) mean and o, is the
standard deviation of the logarithms of the clast diam-
eters, again in ¢. In Fig. la, log-normal distributions
plot as straight lines. Table 1 summarises the values of
the mean and standard deviation of a number of fall
deposits for which the total grain-size distribution has
been calculated. These data are used to present an ap-
proximate categorisation of the styles of eruption de-
pending upon the relationship between their mean and
variance in Fig. 1b, in which we have assumed that the
particle distribution follows Eq. 2.

If all clasts are assumed to have the same density p,,
then the total mass of particles m, per unit height at a
distance z above the vent, is given by:

dm
= 2O payaa o)

u(z) o4
The factor A(0)u(0)/u(z) changes with height as parcels
of fluid are stretched or compressed due to changes in
the vertical velocity.

Fallout criterion

We assume that fallout occurs at the height at which the
weight of the clast equals the upward drag force of the
surrounding flow. Our assumption that all pyroclasts of
a given size fall from one height is equivalent to assum-
ing that all pyroclasts at a given locality in the deposit
are of the same size (0,—0). This is a reasonable as-
sumption given that the variance of the total grain-size
distribution for fall deposits is generally greater than
the variance at single localities (see Figure 8, McGet-
chin et al. 1974; Figure 2, Murrow et al. 1980; Figure 5,
Walker 1980; and Fig. 1a, this study). We envisage that
the fallout process is effected by turbulent eddies driv-
ing the particles to the edge of the column, at which
point they fall into the ambient atmosphere. After the
particles have fallen out, we assume that they have no
further interaction with the column. In practice, they
may affect the air subsequently entrained lower in the
column or even be re-entrained. These effects are weak
if most particles fall out high in the column at large ra-
dial distances from the column below. However, Carey
et al. (1988) showed that in highly concentrated, par-
ticle-laden laboratory plumes, particle re-entrainment
can contribute to partial collapse. In a volcanic plume,
this effect may be partially offset by recycled clasts
lowering the effective thermal disequilibrium because
of their increased residence time.

To calculate the height at which clasts of a given size
fall out, we use the expression for the drag force Fp:

Fp= %dz Co (Bu)?p e

where p is the density of the gas phase adjacent to the
clasts in the column, Cj, is the drag coefficient and Au
is the velocity of the clasts relative to the surrounding
gas. Carey and Sparks (1986) estimated that Cp = 0.75 if
d is taken as the average diameter of the clasts. Howev-
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er, other workers have used a drag law based on the
largest diameter of the clasts (Wilson and Walker 1987)
with Cp =1.4. When comparing model predictions with
field data, the drag coefficient consistent with the
method of data collection should be used. For simplic-
ity we set Cp=1.0. Equation 4 holds for clasts as small
as 0.1 mm (<3¢) in diameter (Suzuki 1973). In our
model calculations, we used the bulk density of the co-
lumn f for the density term p to evaluate the drag force.
In practice, although the finer clasts do exert a drag on
the large clasts (Saffman 1962), the effective density felt
by the larger clasts is nevertheless smaller than the bulk
density. However, this difference is probably negligible
in most of an eruption column because the bulk column
density is close to the density of the gas alone. Using S
in Eq. 4 gives maximum fallout heights for the clasts.
We deduce from (4) that a clast of maximum diameter
d,, and density p, (> ) will fall out of the column at the
height z at which the velocity of the column u(z) satis-
fies:

ror-4{t)

where g is the acceleration due to gravity.

The largest clasts may be too massive to be carried
by the column and instead will behave as ballistics
(Wilson 1972). However, for intense eruptions, clasts
need to be approximately of 20-cm-size dimensions
~ — 8¢ before their weight exceeds the drag force ex-
erted by the surrounding column and they behave as
ballistics (Appendix A). Hence a negligibly small frac-
tion of the erupted clasts are large enough to behave as
ballistics. We truncate p(d) at 5m, ~ —12¢, since this
seems to be about the dimension of the largest clasts
found in fall deposits (Walker and Croasdale 1970; Self
et al. 1980).

As in Woods (1988) we adopt a ‘top-hat’ profile for
the column which assumes that at each height every
physical property of the column takes one value in the
column and a second value in the environment. Using
the top-hat profile is mathematically equivalent to us-
ing a Gaussian profile with the same characteristic val-
ues for each physical property but a different effective
radius (Morton et al. 1956). One simplification is that
our model predicts a unique fallout height for each
clast size, rather than a range of heights, as would occur
with a Gaussian (or other) distribution.

By considering a control volume at a fixed height in
the column (Woods 1988) we deduce that the total mass
of clasts per unit height, m,, changes with height ac-
cording to the relation:

dm, AQu0) .  dd,)  du m,
4z u(2) Pdn) dz P4z uz)’ ©)

The mass flux of clasts; nm,, is given by
mhy=puL*(1—n), Q)

where L is the column radius and » the gas mass frac-
tion, changes with height according to:

dri, _ d(dy)
“ = AOu(0) pld) =

Ds- ®)

In the last two expressions, d,(z) is given by (5) and
d(d,.)/dz may be found by differentiating (5).

Model equations for the dynamics of the column

Following Woods (1988), the equation for the conserva-
tion of mass flux becomes:

4 BuL?) =2u, La + 2 )
dz dz

where « is the ambient density and u, the entrainment
velocity. On the right-hand side, the first term repre-
sents the entrainment of the air and the second term the
clast fallout. In this equation we need to specify the
value of the entrainment velocity, .. In the basal gas
thrust region, where a<p, the column behaves as a
dense jet, driven upwards by its inertia. Thus, an en-
trainment law may be derived from the jet model of
Prandtl (1954); we use the relationship:

u, =0.09 (E)m u (10)
a

similar to Woods (1988). Higher in the column, in the
convective region, where the entrained air has been
heated sufficiently that &> f, the column is driven up-
wards by its buoyancy (Sparks and Wilson 1976). In
this region, we follow the work of Morton et al. (1956),
who showed that the entrainment velocity is directly
proportional to the vertical velocity:

u.=k.u, (11

where the entrainment constant k.~ 0.09 (Sparks 1986).
The choice of (10) and (11) ensures that the entrain-
ment velocity is continuous across the height at which

f=a.

The conservation of momentum flux is:
d
e (Bu® L*)=g L*(a—p). (12)

At height z in the column, the conservation of enthalpy
flux becomes (Woods 1988)

d u?
— (PulL’E)=2u.La (—‘" +gz+E,)
dz 2
dm uw\ d ) u’
+ dz (E+gz + ?) - a (ﬁuL (gZ + 7)) (13)

where E is the specific enthalpy of the column material
and E, is the specific enthalpy of the ambient. The sec-
ond term on the right-hand side of this equation repre-
sents the change of enthalpy due to the fallout. We as-
sume that there is negligible phase change of water va-
pour to liquid water, which is a valid approximation for
relatively dry eruptions in a dry atmosphere; however,
such effects may be important in phreatomagmatic
eruptions.



Since only the sub-centimetre-sized clasts remain in
thermal equilibrium with the gases (Appendix B) we
have introduced a disequilibrium coefficient f to repre-
sent the mass fraction of the clasts in thermal equili-
brium with the gas (c.f. Wilson 1976). All other clasts
are assumed to remain at the eruption temperature.
This is a simple parameterisation that allows us to in-
vestigate the effect of disequilibrium. There is no for-
mal derivation of f, and it can only model the qualita-
tive effect of disequilibrium; however, as the mean
grain-size increases, the mass fraction of clasts in ther-
mal equilibrium with the gas decreases. In Table 2, we
suggest a range of values for f as a function of mean
grain-size estimated from Appendix B; we have at-
tempted to include the uncertainty in the heat transfer
coefficient in these estimates. f'is introduced in the def-
inition of the specific heat:

_ Camy+fCim;+ Comy,

C R 14
F M, + My, +m; (14

where m denotes mass, the subscripts a, m and s denote
entrained air, magmatic volatiles and solids, respec-
tively and C the specific heat.

As in Woods (1988), the column density, 3, is given

by:

1 1 nR,6

~=(1-n—+—=, 15
F; ( )ps P, (15)

where n is the gas mass fraction in the column, € the
column temperature, p, the (fixed) particle density and
R, is the gas constant for the column. P, is assumed to
equal the ambient pressure throughout the column
(Woods 1988). In practice, the column pressure will
only adjust to the atmospheric pressure once the flow
in the column becomes subsonic, but this transition oc-
curs in the basal, gas thrust region (Kieffer 1981; Kief-
fer and Sturtevant 1984; Valentine and Wohletz 1989)
and so for most of the height of the column, this as-
sumption is good. Strictly the model is only applicable
above the small decompression region (<1 km) above
the vent. The definitions of the gas mass fraction, n,
and gas constant, R, are given in Woods (1988). The
system of equations outlined above forms a complete
model for the dynamics of the column. The equations
were integrated using a second-order Runge-Kutta al-
gorithm to calculate the variations of the column prop-
erties with height and also the total column height.
Each step in the integration was constrained to have a
relative error less than 1072,

The role of fallout and disequilibrium on the column

In this section we describe the results of the numerical
investigations of the column model. We use the model
to extend the range of eruption conditions over which
valid first-order predictions of column-rise height can
be made. Furthermore, we argue here that the model
provides valid approximations for the maximum rise
heights and fallout ranges of pyroclasts falling from the
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gas thrust and convective regions. Although the time
averaged velocity and particle concentration profiles in
plumes are Gaussian in shape (Popper et al. 1974;
Carey et al. 1988), instantaneous profiles show large
variations in amplitude, and peak velocities and con-
centrations at plume margins are similar to those on the
centreline. Papantoniou and List (1989) have shown
that passive tracers injected into plumes are transported
primarily in coherent structures (ring vortices) whose
width is roughly equal to plume width and whose con-
vection velocity is the same as the time mean central
plume velocity. The Gaussian profile is, in fact, the re-
sult of the passage of the ring vortices and of the inter-
vening, relatively quiescent ambient fluid, which is nec-
essarily more concentrated toward the plume margins.
Thus, our model assumption that particles are trans-
ported to their maximum height, where they are carried
outward to the plume margin and then fall, is entirely
consistent with their being carried within, then flung
from the ring vortices when the average vortex convec-
tion velocity reaches their terminal fall velocity. The
present model can thus be used to predict variations of
maximum clast size with distance from vent for clasts
falling from the convective and gas thrust regions.

In Fig. 2, we show heights of model columns as a
function of initial u, for various values of f; in this fig-
ure o, = 1.0 (solid) and 3.0 (dotted). As may be seen the
results are relatively insensitive to variations in o,
within the range of volcanic interest. Two important re-
sults may be deduced from this figure. First, for a given
value of disequilibrium, the column height is relatively
insensitive to the mean grain size unless u, < —6. The
small increase in column height with mean grain size at
these smaller values of u, may be understood from Fig.
3. For reasonable values of p,, virtually all clasts can be
carried into the umbrella cloud. However, the mass of
clasts remaining in the cloud at any height decreases as
U, decreases, causing the cloud to be less dense and rise
higher. Second, thermal disequilibrium plays a crucial
role in determining column height. As the amount of
disequilibrium increases (smaller f), column height de-
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Fig. 2. Variation of column height with mean grain size for several
values of the thermal disequilibrium parameter, f, which repre-
sents the mass fraction of the clasts in thermal equilibrium with
the gas. g, =1.0 (solid), o, =3.0 (dotted)
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creases significantly for a given yu,. This is because the
thermal energy - hence buoyancy - available to drive
the column upward decrease.

Figure 4 shows that, for two examples of eruption
conditions, the column height decreases steadily with
increasing disequilibrium until f~0.2. At this point co-
lumn height decreases dramatically to very small val-
ues. This jump in behaviour represents the transition
between columns that become buoyant and rise convec-
tively high into the atmosphere and columns that re-
main dense and form relatively low, collapsing foun-
tains. Therefore, two eruptions of the same power, but
different values of f, may generate very different co-
lumns. If flies below some critical value, there may be
insufficient thermal energy available for the erupting
material to become buoyant before its upward velocity
falls to zero and the eruption generates a collapsed
fountain rather than a convective column. For a given
eruptive power, the transition from a high buoyant co-
lumn to a low collapsed fountain corresponds to a par-
ticular degree of disequilibrium. In the calculations of
Fig. 4, we have set u, and o, equal to 1.0; in practice,
changes in fare linked to changes in y,, but in Fig. 2 we

showed that, with f=1, changes in column height due
to changes in u, (and hence the fallout heights of the
clasts) are relatively small: therefore it is the increase in
thermal disequilibrium which causes the transition
from a convective column to a collapsing fountain. It
may be seen from Fig. 4 and Table 2, that when
Uy < —5, the effect of thermal disequilibrium will be-
come important in preventing the development of a
convecting column.

These results suggest that column collapse not only
depends upon an increasing mass eruption rate or de-
creasing vent velocity (Wilson et al. 1980), but also de-
pends upon the mean grain size of the erupted material
and hence the degree of thermal disequilibrium. We
quantify the role of disequilibrium in determining col-
lapse in Fig. 5, in which we have modified the collapse
figure of Bursik and Woods (1991) to include the effect
of disequilibrium as well as mass eruption rate and vent
velocity. As the disequilibrium increases for a given
erupted mass flux, column collapse may be induced at
higher vent velocities. Therefore, a large degree of dise-
quilibrium can prevent an otherwise violent eruption
from generating a high column. Again, in this figure we
have set uy=1 and o, =1, since the conditions for col-
lapse are not strongly dependent upon the different
heights of clast fallout implied by different values of p,.
Therefore, typical values of y1, corresponding to the dif-
ferent values of f used in Fig. 5 may be deduced from
Table 2.

The relationship between disequilibrium and col-
lapse is further elucidated in Fig. 6, in which column or
fountain height is shown as a function of mass flux for
several values of disequilibrium. In this figure the mass
flux is changed by varying the vent velocity, u,. As u,
and hence mass eruption rate decrease (for example, as
a result of decreasing volatile content; Wilson et al.
1980), there is a sharp transition between buoyant co-
lumns and collapsed fountains if f> ~0.2. However,
for f< ~0.2, convective columns cannot develop, i.e.
the entire range of eruption conditions shown on Fig. 5
lies in the collapse region. For higher values of f, each
transition from collapse to buoyancy on Fig. 6 corre-
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Fig. 5. Criteria for column collapse as a function of the velocity at
the vent and the erupted mass flux for several values of the ther-
mal disequilibrium f°
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sponds to one point on Fig. 5, and the trend in eruption
conditions depicted in Fig. 6 would plot as curves obli-
que to both axes in Fig. 5.

The results presented in this section show that in-
creasing disequilibrium enlarges the range of eruption
conditions under which collapse occurs (Fig. 5). Fur-
thermore, at some critical value of f, sufficient thermal
energy to generate a convective column cannot become
available, and realistic values of mass eruption rate and
vent velocity result in a collapsing fountain. Table 2
shows that different values of u, can be related, very
approximately, to different values of f. We therefore
infer that decreasing y, (increasing grain size) not only
changes the collapse criteria, but also that for each
mass eruption rate and vent velocity there is a critical
value of u, below which a convective column cannot be
generated. It may be seen from Table 2 and Fig. 5, that
for p, < — 6 (approximately) the associated thermal dis-
equilibrium between the clasts and the air is usually
sufficient to inhibit generation of a convecting co-
lumn.

Implications of disequilibrium induced collapse for
fallout

The catastrophic drop in column height that occurs as f
decreases, illustrated in Figs. 4 and 6, may have far-
reaching implications for depositional patterns of the
resulting pyroclastic units. Figure 6 suggests that even
powerful eruptions with f< ~0.2 - those with coarse
mean grain sizes (Table 2) - are incapable of generating
convective columns. Most pyroclasts involved in such
coarse-grained, fountaining eruptions will therefore fall
out relatively near the vent to form a cinder or spatter
cone. If, on the other hand, f> ~ 0.2, most pyroclasts
can be carried high into a convective column and fall
out in a widely dispersed sheet. These results suggest
there is a fundamental difference in the processes re-
sponsible for cone-forming and sheet-forming erup-
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tions (Walker 1973). The sharp decrease in dispersal
distance that marks the transition between cone-form-
ing and sheet-forming eruptions suggests that there is
not a continuum in eruption behaviour between the
two.

One further feature that differentiates some cone-
forming eruptions from sheet-forming eruptions is that
the former may also contain a significant proportion of
pyroclasts that are not only in thermal disequilibrium
but also in dynamic disequilibrium with the gas. This is"
especially true for Hawaiian and to a lesser extent for
Strombolian eruptions, in which large mean clast size
(Fig. 1) and low vent velocity (McGetchin et al. 1974;
Chouet et al. 1974; Blackburn et al. 1976; Vergniolle
and Jaupart 1986) together result in emission of ballis-
tic pyroclasts in dynamic as well as thermal disequili-
brium. We stress, however, that dynamic disequilibrium
is not a necessary condition for the cone-forming erup-
tion style.

The coarse-grained fountaining that results when
grain size and hence degree of thermal disequilibrium
are large is quite different from the fountaining asso-
ciated with column collapse, which is caused by an in-
creasing discharge rate or decreasing vent velocity
(Sparks and Wilson 1976; Wilson et al. 1980). The
fountains associated with column collapse contain a
lIarge fraction of fine-grained pyroclasts and tend to
generate pyroclastic flows. There is a spectrum of foun-
taining behaviour between the coarse- and fine-grained
fountain end-members. It is possible that a predomi-
nantly coarse-grained fountain falling on a steep slope
might generate a pyroclastic flow, as occurred, for ex-
ample, during the eruption of Mayon in 1968 (Moore
and Melson 1969).

The effects of column velocity structure on fallout

Our model predicts that the range of different velocity
structures associated with sheet-forming eruptions can
produce distinct grain-size variations in the resulting
deposits. We now examine the influence of the dynamic
structure of the column on some features of the depos-
its generated by convective columns.

Variation of maximum clast size with distance from the
vent

An inflexion in plots of the size of the largest lithic
fragments with distance from the vent has been noted
in a number of fall deposits including Fogo A and 1563
(Walker and Croasdale 1970), Terceira B, E and F (Self
1976), and Tarawera 1886 (Walker et al. 1984; Pyle
1989). These inflexions typically occur at distances of
=5 km from the vent and clast diameters of approxi-
mately 10 cm. A model run showing such an inflexion
is presented in Fig. 7. In the model, this inflection oc-
curs at the transition between fallout from the gas
thrust region and fallout from the convective region.
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Fig. 7. Model lithic dispersal curve showing the inflection that is
caused by the transition from the gas thrust to the convective re-
gion. The dispersal radius is calculated for the case of no wind or
re-entrainment. For this run, u,=200m/s, L,=50m, and
no=0.03 and the lithic density is taken as 2500 kg/m?

This is because the rate of decrease of column velocity
is much faster in the gas thrust region than in the con-
vective region. Therefore, we hypothesize that the in-
flection in the data curves is also the result of this tran-
sition.

The role of superbuoyancy in producing reversed
grading and stratification

One of the main predictions of the model of Woods
(1988) was that the vertical velocity profile in the co-
lumn does not necessarily decrease monotonically with
height because of acceleration in the convective region.
This effect has been explored further by Bursik and
Woods (1991), who introduced the terminology ‘super-
buoyant’ for a column whose velocity increases with
height in the convective region. Superbuoyancy arises
in model eruption columns with either low initial velo-

cities or large vent radii. The resulting complex velocity
structure may have important effects on fallout pat-
terns. For example, if mass eruption rate increases
while vent velocity remains fixed, as may happen dur-
ing an episode of vent erosion (Wilson et al. 1980), then
a column can evolve from being buoyant to super-
buoyant. The increase in intensity initially results in
greater ranges for the pyroclasts and therefore reversed
grading (Sparks and Wilson 1976; Wilson et al. 1980).
However, as the mass eruption rate increases further,
column velocity falls to lower values before the erupted
material becomes buoyant and the convective region
develops (Fig. 8a). As a result, clasts within a certain
size range will fall out closer to the vent (Fig. 8b) and
parts of the deposit may tend toward normal or even
complex stratification just before collapse occurs (Fig.
8c). This mechanism may therefore provide a partial ex-
planation for the stratification and normal grading in
the upper parts of proximal fall deposits underlying py-
roclastic flows that resulted from collapse; such stratif-
ication has been recorded in the Vesuvius, A.D.79
(Carey and Sigurdsson 1987) and Fogo A (Walker and
Croasdale 1970) deposits.

A second depositional feature may result from su-
perbuoyancy. In the gas thrust region, column velocity
decreases rapidly and therefore maximum clast size de-
creases rapidly with distance from the vent, as dis-
cussed in the preceding subsection. However, once the
column enters the convective region, the increasing vel-
ocity in the acceleration zone can result in sufficient
support for the remaining clasts to be carried high into
the convective region or even the umbrella cloud. As a
result, there may be an area near the vent in which the
maximum ciast size does not significantly decrease with
increasing distance (Fig. 9). This area corresponds to
the acceleration region within the column. It may re-
quire dense sampling of a fall deposit to clearly discern
this effect.
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Fig. 8a-c. Illustration of the variation in (a) the column velocity
with column height and (b) maximum lithic size with column ra-
dius as the vent radius changes from 50 m to 350 m (numbers on
curves). ¢ Schematic of the possible variation in maximum clast
size with stratigraphic height at three locations from the vent ((i),
(if) and (jii) as marked on (b)) due to an increase in the vent radius
prior to collapse (Carey and Sigurdsson 1989). Near the vent, (i),

Distance from vent ——=%

the acceleration zone can produce complex grading (cf. (b)). At
intermediate distances, (ii), the grading becomes normal as the
vent radius increases because the minimum velocity in the gas
thrust region decreases (cf. (a)). At large distances, (i), the de-
posit will remain reversely graded as long as the column has not
collapsed
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Fig. 9. a Schematic of the fallout from an eruption column. b Nu-
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a typical superbuoyant eruption in which #,=150m/s and
Ly =100 m. The region in which the maximum clast size remains
constant with radius corresponds to the acceleration zone

Discussion and conclusions

We have developed a self-consistent model for the fal-
lout of particles from eruption columns and have inves-
tigated how fallout affects the dynamics of the column.
We have included the important effects of thermal dis-
equilibrium between the clasts and the gas. We have
also examined the implications of this model for the
proximal emplacement of pyroclasts. The main results
of our work may be summarised as follows:

1. Thermal disequilibrium between the gas and clasts
in an eruption column plays an important role in deter-
mining column height and dynamics, and subsequent
dispersal of clasts. Increasing the mean grain size of the
erupted material increases the degree of disequili-
brium.

2. For the same mass eruption rate, column height de-
creases steadily as mean grain size and hence thermal
disequilibrium increase, until a particular mean grain
size is reached at which a convective column can no
longer develop. Instead a relatively low, collapsed
fountain, always denser than the surrounding atmo-
sphere, is generated. Thermal disequilibrium therefore
causes catastrophic changes in column behaviour.

3. The effects of particle fallout and loss of mass upon
the dynamics and rise height of a column are slight un-
less coupled to the effects of thermal disequilibrium.
4. The generation of large eruption columns and the
associated widespread dispersal of ash as tephra sheets
require fine-grained pyroclasts in good thermal contact
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with gas. As a result of thermal disequilibrium, an erup-
tion with a sufficiently coarse total grain-size distribu-
tion will produce a low fountain, leading to accumula-
tion of coarse ejecta in cinder or spatter cones. Such
coarse-grained fountains are mechanically different
from the fine-grained fountains that develop when
buoyant convecting columns collapse and that tend to
produce pyroclastic flows.

5. Our model predicts that the transition from the gas
thrust to the convective region in an eruption column is
reflected in a sharp inflection in plots of maximum
clast size versus distance from vent.

6. All columns must pass through a phase of super-
buoyancy before they collapse. In the scenario of
Sparks and Wilson (1976), mass flux increases preced-
ing column collapse, tending to produce a reversely
graded deposit. We have found that after the column
becomes superbuoyant the minimum velocity in the gas
thrust region eventually decreases, thus tending to pro-
duce complex grading in the fall deposits immediately
underlying pyroclastic flows produced by column col-
lapse. Superbuoyancy may explain the stratification
found underneath collapse horizons.

Further developments of modelling fallout are nu-
merous and we outline a number of possible extensions
to this model below.

(a) A more realistic model of fallout (Armienti et al.
1989; Bursik et al. 1991) can be merged with the present
column model, in order to determine how sedimenta-
tion of most pyroclasts, rather than just the largest, is
linked with column dynamics.

(b) The effects of moisture may be incorporated into
the model. Condensation of water vapour may be im-
portant to the column dynamics, especially in the for-
mation of accretionary lapilli and in the phenomenon
of rain-flushing. These water vapour effects may also
influence the ability of a column to transport sulfate
aerosols into the stratosphere (Self and Rampino
1988).

(c) The model could be used to estimate the amount
of aerosol injectd into the upper atmosphere by erup-
tions with different total grain-size distributions and
different degrees of thermal disequilibrium, possibly by
synthesizing this model with Bursik’s (1989) model of
dynamic disequilibrium.

Acknowledgements. We thank Steve Sparks, Herbert Huppert,
Grae Worster, Steve Self, Ken Wohletz, Mark Fahnestock and
Steve Carey for helpful discussions and comments about this
work. Steve Sparks and Steve Carey gave us some very penetrat-
ing and helpful reviews and we thank Steve Sparks for his encour-
agement. AWW would like to acknowledge St. John’s College,
Cambridge for a Research Fellowship and IGPP, SIO, UCSD for
a Green Scholarship. MIB acknowledges the support of the North
Atlantic Treaty Organisation via a grant awarded in 1988. The
work was completed while MIB held a National Research Coun-
cil-JPL (Caltech) Research Associateship.



568
Appendix A

We calculate the height over which clasts decelerate to
zero vertical velocity from initially moving upwards
with the column, at their terminal fall velocity. We
show that for clasts smaller than 10 cm, this decelera-
tion distance is very small compared to the height in the
column at which the upward velocity of the column
equals their terminal velocity. This calculation justifies
our approximation that the particles instantly deceler-
ate from moving with the column to coming to rest and
falling out of the column.

We consider a particle, of speed v, moving in a co-
lumn, of speed w, and assume that the clast decelerates
under gravity from v=w to v=0-according to the equa-
tion:
do_ P
dt 4dp,
For simplicity, we assume that the height over which
the particle decelerates is small compared to the height
over which the column velocity, w, varies and so we
take w as fixed over the region in which the clast decel-
erates (this assumption is self-consistent since the varia-
tion in column velocity, w, over the calculated height of
deceleration is small). The clast will decelerate to zero
vertical velocity if the column velocity w is such that the
drag force it exerts on a stationary clast exactly bal-
ances the clast weight, giving:

3p
4dp,
The clast can then hover in the column at this height

until it falls out at the edge of the plume (assuming the
‘top hat’ profile). (Al) and (A2) give:

Civ—w)*

(A1)

g= Caw? (A2)

v dl)’ _ lg_d[
e )

which may be readily integrated to give the clast veloc-
ity as a function of time:

2 -1
v=2w(1+exp (it))
w

The distance, H the clast travels vertically as it deceler-
ates from moving with the column to coming to rest is
therefore:

(Ad)

H=2w | ——d’z—t— (A5)
0 (1 +exp (i))
w
which reduces to:
w2
= log(2) (A6)

Substituting the values for w and g into this equation,
we obtain the result:

4log(2) p, d

3 a Cd

which has the numerical value, using typical values for
the parameters in the column:

H= (A7)

H~2500d m (A8)

where d is the particle diameter in metres. Thus a 20 cm
clast decelerates over a height of the order of 500 m,
while a 2 cm clast decelerates over a height of the order
of 50 m. Over these height ranges, w does not change
significantly, as may be seen in Figure 2 of Woods
(1988) (except in the gas thrust region, where the veloc-
ity remains sufficiently large to support these clasts),
and so our assumption that w is constant over the
height through which the clast decelerates is valid.
For columns which ascend to heights =10 km, the
approximate fallout model, outlined in the second sec-
tion of this paper, is satisfactory for clasts which decel-
erate over heights <500 m. Hence we may apply the
model to clasts <20 cm (> —8¢), which includes both
Plinian and Strombolian type eruptions (Fig. 1a).

Appendix B

We develop a simple model of heat transfer between
pyroclasts and the gas phase that is more detailed than
the one employed by Sparks and Wilson (1976). This
model suggests that the assumption of thermal equili-
brium is good for small clasts, which equilibrate very
rapidly with the surrounding gas, but that for larger
clasts there is a significant relaxation time over which
the clasts adjust to thermal equilibrium with the gas.
Before such a time has elapsed these particles may have
fallen out of the column. Therefore an equilibrium
model would overestimate the heat flux from clasts to
the column, and therefore eruption column height as
well.

As a simple model, we calculate how rapidly a
spherical clast of diameter d cm cools due to the heat
transfer between the clast and the gas which is rapidly
flowing around it. We assume that the temperature of
the gas in the column, T, is constant. In an eruption
column, T, decreases with height; however, by choos-
ing a value of T, between the maximum and minimum
temperatures attained by the column, our calculation
will yield an approximation for the time-scale required
for cooling.

If we denote the surface temperature of the particle
to be T, then the rate of heat transfer from the particle
to the gas is:

Fr=hr(T;—Tp) (BI)

where hr is an assumed heat transfer coefficient which
parameterises both the convective and radiative cool-
ing. The diffusion equation for the clast is:
oT *T 20T

—=Kk|-—+-— B2
ot (3r2 r ar) (B2)
where « is the thermal diffusivity and r is the radial
coordinate. This equation may be solved analytically by
noting that the quantity uw=rT satisfies the diffusion
equation:

du 8u



We impose the boundary condition:
u(r=0)=0 (B4)

since the centre of the particle has a finite temperature

for all time. The solution of (B3) may be shown to be

(Carslaw and Jaegar 1959, art 9.4):

2h{(To—T,) 2

—7(7(9—“4’2 > exp(—kant)
-

n=1

) sin(e,d/2) sin(a, r) (BS)

T(r.0)~T, +

K2d?al+(dhy—2k)?
(K2d2 a,21 + th(th— ZK)) CZ%
where a, are roots of the equation:
xda, cot(de,,/2) +dhr— 2k =0. (B6)

In the limit of rapid convective cooling, k> k/d, and
the smallest root of (B6), «;, has the value a,~2n/d.
This suggests that the fraction of excess heat in the
clast, after a long time 7 is:

6 —4n*kT

2P (*‘“22“‘) (B7)
and so the time to equilibrate is:

7~100ds (BS)

where we have assumed that the ratio of the heat trans-
fer coefficient from the surface of the particle to the
effective diffusive heat transfer coefficient within
the particle satisfies Ard/2x>1 and the diffusion
coefficient k=~ 10 ~3. Since most columns rise to heights
of the order of 10 km at velocities of about 100 m/s,
a typical ‘flight time’ in the column is 100s, and
the largest particle that can equilibrate is of size
7100/100 ~ 1.0 cm or ~ —3¢. We may assume thermal
equilibrium between the column and clasts which
equilibrate in a height less than about 1 km; the largest
such clast has approximate size 0.3—0.4cm (or
¢ ~ —2). In the model outlined in the second section of
the text we introduced a factor f to represent the frac-
tion of the mass in thermal equilibrium with the solids.
We have estimated f as a function of mean grain size in
Table 2, based upon the excess heat content of the
clasts in the lower 10 km of the column, according to
(B5). This is only a simple parameterisation, but it al-
lows us to identify the key features of disequilibrium,
which thus become more important as the mean grain
size increases.
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